INTRODUCTION
Neutrophils have many functions including adhesion, movement, degranulation, phagocytosis and superoxide burst. Of these functions, adhesion and chemotaxis are the most sensitive to agonist stimulation. The conventional way of measuring neutrophil movement and chemotaxis using Boyden Chambers is laborious and measures other factors such as haptotaxis and adhesion [1] . However, neutrophils stimulated by chemotactic factors project a lamellar podium resulting in a change of shape of the neutrophil. Measuring this neutrophil shape change can provide a measure of neutrophil movement activation induced by chemotactic factors. The shape change of neutrophils can be quantified by microscopic scoring, which has been shown to correlate well with chemotaxis measured using Boyden chambers [2] . Microscopic scoring needs to be blinded to avoid observer bias and is tedious if large numbers of samples are assayed together. We have investigated a flow cytometric method to measure neutrophil shape change which is potentially rapid, objective, and for which suitable equipment is available in many laboratories. We have compared flow cytometric methodology with conventional microscopic counting methods, and used a fluorescence-activated cell sorter to sort gated counts of cells for subsequent microscopic identification.
METHODS

Neutrophil preparation
Neutrophils were prepared by discontinuous Percoll-gradient centrifugation [3] . Cells isolated by us using this method are of high purity, with 96.2% neutrophils (95% confidence interval 94.9-97.5) by flow cytometric analysis after staining with CD45/CD14 antibodies [4] . This method also allows identification of eosinophils as a distinct population with higher CD45 expression than neutrophils; eosinophil contamination ranged from 2.2 to 4.1%. The proportion of polarized neutrophils in glutaraldehyde-fixed preparations that had not been stimulated was 0-2.9%. Cell viability was 100-96.5% by Trypan Blue exclusion. Isolated cells were kept at room temperature in a polythene centrifuge tube at a concentration of 1 x 10 6 /ml and used within 2h.
Neutrophil stimulation
Dose-response experiments wth the chemotactic factors N-formyl-methionine-Ieucine-phenylalanine (fMLP) (Sigma, Poole, Dorset, U.K.), interleukin-8 (IL-8) (Sandoz Forschungsinstitut, Wien, Austria) and leukotriene B 4 (LTB 4 ) (Cascade, Reading, U.K.) were performed to directly compare visual scoring of the shape change with analysis by flow cyto-metry. The chemotactic factors were used in concentrations ranging from 0.2 x 10-9 mol/l to lOx 10-9 mol/l. The prepared neutrophils were resuspended in Hanks balanced salt solution butTered in l Ornmol/l Mops (HBSS/Mops) [2] . Incubations of neutrophil and agonists were carried out in sterile 3 ml polystyrene tubes (Falcon, Becton Dickinson, NJ, U.S.A.). Forty microlitres of each concentration of agonist (ten times final concentration) plus 360 III of neutrophils at 1 x 10 6 were placed in each tube and gently mixed. They were incubated for 20 min at 37°C then fixed by addition of an equal volume of 2.5% glutaraldehyde (Sigma) in HBSS/Mops. After fixation for 5 min, the cells were spun down, washed in PBS containing 0.01% sodium azide and resuspended in cytometer sheath fluid (Cellpak; Sysmex, Hamburg, Germany).
Shape change evaluation
Quantification of shape change was performed independently by the microscopic scoring method of Haston and Shields [2] . The proportion of shapechanged neutrophils was expressed as a percentage of the total neutrophils (% shape change by microscopic scoring: % SCMS).
Analytical flow cytometry
A FACScan benchtop flow cytometer (Becton Dickinson) was used to analyse forward and wide angle scatter, using linear amplification for both parameters. For each experimental tube, list mode data from 5000 events were stored, with subsequent otT-line analysis using the Flowmate program (DAKO, High Wycombe, U.K.). Wide angle scatter measurements were used to restrict the analysis to neutrophils, then an upper boundary for the forward scatter of neutrophils without shape change was placed 3 SDs above the mean linear channel number, determined using the unimodal distribution of unstimulated cells. This cut-otT was used to define the proportion of stimulated cells showing greater forward scatter than the unstimulated cells, and this was expressed as a percentage of shape change to total neutrophils (% shape change by flow cytometry: % SCFC). The analyses were independent and blinded to the results of the other method.
Fluorescence-activated cell sorting (FACS)
Linear measurements of forward and wide angle scatter were made using the fluorescence-activated cell sorter (Becton Dickinson FACS IV cell sorter), with settings to give similar distributions to those seen in the benchtop analyser. Cells with increased forward scatter and cells with low forward scatter were sorted from a neutrophil preparation partially stimulated with a limiting concentration of fMLP. The sorted cells were then reanalysed on the benchtop cytometer and examined by microscopy. Scan- ning electron microscopy was performed on the sorted cells for illustrative purposes.
Scanning electron microscopy Cells were fixed as above and sorted by FACS. After fixation and F ACS, sorted cells in suspension were further fixed in 1% osmium tetroxide for 1h (Johnson Matthey, Royston, Herts, U.K.), washed in butTer, dehydrated in an ascending gradient of alcohol and resuspended in two changes of tetramethylsilane (Aldrich, Gillingham, Dorset, U.K.). The cells suspended in tetramethylsilane were allowed to evaporate on scanning electron microscope stubs, then coated in gold and examined in a Jeol JSM35 scanning electron microscope [5] .
Phase-contrast microscopy Cytospin slides were made from both sorted and unsorted populations of cells as above. Cells were photographed using a Nikon Diaphot 300 at x 400 magnification with phase-contrast illumination.
Statistical analysis
The relationship between paired counts of polarized cells by flow cytometry and haemocytometry was analysed by linear regression. The slopes of regression lines were compared for the ditTerent agonists [6] . Limits of agreement between the two methods of analysis were calculated [7] .
RESULTS
The flow cytometric method relies on a change in the forward scatter parameter of stimulated neutrophi Is. As increasing concentrations of chemotactic factor are used to stimulate the neutrophils they begin to form a bimodal population with the polarized neutrophil increased forward scatter (Fig. I) . Similarly, in three experiments using IL-8 (0.2 x 10-9 moljl to lOx 1O-9moljl) as the agonist (n = 30 samples), activation ranged from 1 to 94% SCMS (Fig. 3b) and the line of regression was: % SCFC=5.17 +0.93 x % SCMS (R 2 98.6%, P<O.OOl).
Finally, in four experiments using LTB 4 (0.2 x 10-9moljl to 10 x 10-9 moljl) as the agonist (n = 37 samples) (Fig. 3c) , activation ranged from 2 to 94% SCMS and the line of regression was: % SCFC = 10.6+ 0.85 x % SCMS (R 2 97.8%, P<O.OOl).
Regression lines derived from experiments with Microscopic examination showed that this cell population is a mixture of polarized and round forms (Fig. 2) . The response to a range of doses of LTB 4 , fMLP and IL-8 was then determined using the flow cytometric and microscopic scoring methods in parallel. Flow cytometric analysis of shape change (% SCFC) agreed very closely with microscopic scoring (% SCMS) over a wide range of degrees of neutrophil polarization (Fig. 3) . In four experiments using fMLP as the agonist in concentrations from 0.2 x 10-9 moljl to lOx 10 9 mol/l to induce neutrophil polarization (n = 37 paired samples) (Fig. 3a) , activation ranged from 1 to 98% SCMS and the line of regression was: (Fig. 4) .
F ACS of partially stimulated neutrophils into fractions showing low forward light scatter and fractions showing increased forward light scatter yielded two populations of cells with predominantly rounded (Fig. 5A) and polarized (Fig. 5B ) morphology (6.1% polarized and 94.5% polarized respectively on light-microscope scoring), confirming that the sorting on the basis of forward light scatter clearly discriminated between polarized and nonpolarized cells. These sorted populations gave similar results when reanalysed by the bench top flow cytometer (4.8% polarized and 92.9% polarized respectively).
DISCUSSION
The shape change response of neutrophils is a valuable and rapid way of assessing the motile response of neutrophils that is independent of haptotaxis and cell adhesion [1]. Our results show a very close agreement between conventional visual scoring of neutrophil shape change and a flow cytometric measure of the proportion of neutrophils changing shape on stimulation with LTB 4 , fMLP or IL-S. Although our flow cytometric method tends to slightly overestimate the proportion of inactive cells and slightly underestimate the proportion of active cells in comparison with microscopic scoring (hence Fig. 5 . Scanning electon micrographs (I) and phase-contrast photomicrographs (2) of neutrophils sorted from a mixed population by forward scatter using the f1uorescence-activated cell sorter. Panel A, cells from the low-scatter window by scanning electron (AI) and phase-contrast (A2) microscopy; panel 8, cells from the high-scatter window by scanning electron (81) and phase-contrast (82) microscopy. The bar represents a distance of5 x 10 -, m (electron micrographs) and 20 x 10 -om (phase-contrast photomicrographs). 553 the intercept of 8.27% in regression analysis), there is good agreement between the two methods (Fig.  4) . The flow-sorting experiments confirm that the light scatter change is a phenotype stably associated with microscopically defined shape change, and that the change in light scatter can be measured in a flow cell (FACScan) or stream-in-air (FACS IV) flow cytometer. This methodology is a rapid and objective way of assessing neutrophil shape change activation on stimulation with chemotactic factors.
The technique works well using neutrophils prepared by the method of Haslett et al. [3J, which gives low levels of neutrophil activation. Attempts to use the flow cytometric shape-change assay with other neutrophil preparations have not been as successful, since although erythrocytes, lymphocytes or cell debris can be 'gated out' and thus excluded electronically from the analysis, neutrophils are partially activated during some preparation procedures, making analysis of responses to agonists difficult to interpret.
The mechanism of the increase in forward angle light scatter on neutrophil shape change may involve the optical properties of the neutrophil as well as change in the longest dimension of the cell.
The relationship of forward scatter to particle size is well recognized, but holds only if refractive index is constant [8] . With complex particles such as cells, paradoxical changes can be seen, such as the inverse relationship between cell volume and forward scatter in response to osmotic stress, which is observed with several cell types, including neutrophils [9] . This effect may be due to changes in the refractive index of the cytoplasm and nucleus [to] . For the polarized neutrophil to give increased forward scatter due to its increased maximum dimension, the polarized cells would presumably be orientated lengthways by the flow system as they pass through the laser beam of the flow cytometer. It is also possible that the optical properties of the neutrophil may change, as stimulated neutrophils undergo intracellular actin polymerization which correlates with chemotaxis [11] , and this may contribute to the increased light scatter observed by flow cytometry. Changes in the perpendicular lightscattering properties of neutrophil measured in a spectrofluorimeter [12] or modified aggregometer [13] have shown a transient small decrease in light scatter which correlates with agonist-induced shape change. Perpendicular scatter measurements in the flow cytometer did not show such a decrease (results not shown), although differences in the conditions of stimulation as well as analysis may account for this. Further studies are required to determine conclusively the physical basis for the changes in light scatter observed in bulk and single cell (flow cytometry) analysis after agonist stimulation.
Although unfixed stimulated neutrophils exhibit the change in forward scatter characteristic of shape change (results not shown), strict timing between stimulation and analysis is necessary to achieve consistent results on unfixed cells. The test is made logistically convenient and consistent by fixation, but we have found that an essential requirement is the use of glutaraldehyde as the fixative in order to preserve the change in light scatter characteristic of neutrophil shape change. This fixative has the disadvantage that it causes non-specific broadspectrum fluorescence, precluding simultaneous analysis of antibody binding correlated with shape of change on fixed cells. We are currently examining alternative fixation methods in an attempt to enable convenient analysis of antigen expression correlated with shape change of individual cells.
Alternative methods of determining whether neutrophils have changed shape have been described. These include video image analysis to measure cell surface area [14] , or shape vectors [15] , but the equipment for these techniques is both expensive and not as readily available as flow cytometry. This flow cytometric method may prove a simple way for screening for neutrophil chemotactic activity in biological fluids and for studying inhibitors of chemotactic factors.
